Introduction
Thomsen -Friedenreich antigen (Galb1-3GalNAc), generally known as T-antigen, is a disaccharide of non-oncofetal origin with a well documented link to malignancy in man. 1 It is generally expressed in more than 85% of human carcinomas such as colon, breast, bladder, buccal cavity and prostate, as well as on poorly differentiated cells. 2 -5 Therefore, proteins which specifically bind T-antigen have potential diagnostic value. Peanut (Arachis hypogaea ) agglutinin (PNA) was the first lectin to be shown to have T-antigen specificity. The crystal structures of PNA in complex with several sugars, including T-antigen, have been reported from this laboratory. 6 -9 The other proteins complexed with T-antigen that have been analysed by X-ray so far are amaranthin (Amaranthus caudatus agglutinin), 10 Maclura pomifera agglutinin (MPA) 11 and heat-labile enterotoxin (LT) from Escherichia coli.
12 Another important protein which specifically binds T-antigen is jacalin, 13 one of the two lectins from jackfruit (Artocarpus integrifolia ) seeds. Jacalin, like the lectins other than PNA mentioned above, binds also to the sialylated derivatives of T-antigen and Tn-antigen (GalNAc-Ser/Thr), Furthermore, jacalin, again unlike PNA, selectively binds to the a-linked forms of T-antigen. 15 , 16 Jacalin, which has received considerable attention on account of its interesting biological properties, 17 has been used extensively for the isolation of IgA 18 -20 and other glycoproteins including carcinoma related mucins. 21 It is selectively mitogenic for human CD4
þ T-cells and is used in AIDS research. 22 -28 It is a tetrameric Gal/GalNAc specific lectin, M r 66,000, with a subunit containing two chains generated by post-translational proteolysis. 29 The b prism I fold in a lectin was first identified in the structure of jacalin. 13 The crystal structure of the jacalin -Me-a-Gal complex also indicated that its specificity for Gal is generated by a post-translational modification, the first instance where such a strategy has been established for the generation of ligand specificity. Extensive thermodynamic and kinetic studies showed that the lectin binds the T-antigenic disaccharide with 3-, 36-, 100-and 610-fold more affinity than it binds Me-a-Gal, GalNAc, Gal and Me-b-Gal, respectively. Other disaccharides such as lactose, N-acetyllactosamine and Galb1-3GlcNAc have at least 3000 times poorer affinity compared to T-antigen for the lectin. 15, 16 The anomeric preference of the lectin for Galb1-3GalNAc-a-Me over the corresponding b-substituted disaccharide, has already been referred to.
The crystal structure of a complex of jacalin with T-antigen at 1.62 Å resolution and the insights it provides into the structural basis of the carbohydrate specificities of the lectin, are presented here. Inter alia, the structure also provides the first instance of anomer selection through an O -H· · ·p interaction when a carbohydrate binds to a protein. The present work also highlights the role of the T-antigen disaccharide in mediating crystal packing. Among the crystal structures of the protein -T-antigen complexes reported so far, the present one has been determined at the highest resolution. Therefore, this structure has been used as the basis for a comparative study of protein-T-antigen complexes.
Results and Discussion
Tertiary and quaternary structure Jacalin is a tetramer with 222 symmetry and a subunit consisting of a heavy chain (a) of 133 amino acid residues and a light chain (b) of 20 amino acid residues (Figure 1) . Each subunit has a three-fold symmetric b-prism fold made up of three four-stranded b sheets. The structure of the lectin is essentially the same in the present complex and in the complex with Me-a-Gal. 13 A notable feature revealed by the T-antigen complex is the presence of three X-Pro cis peptide bonds. They were not identified in the Me-a-Gal complex, presumably on account of the limited resolution of the structure. The cis peptides involve a61P, a95P and b14P and have reasonable geometry. 30 The present structure also corroborates the reported microheterogeneity in the jacalin sequences. 17 
Jacalin -T-antigen interactions
The carbohydrate combining site of jacalin is made up of loops 46 -52, 76 -82, 122-125, and the N terminus of the a-chain (Figure 1 ). The welldefined electron density for the bound T-antigen in all the subunits (Figure 2(a) ) permits a detailed characterisation of its interactions with the lectin (Figure 2 ).
Interaction at the primary site
The primary carbohydrate binding site of the lectin is occupied by the GalNAc moiety of the disaccharide. The interactions of this residue with the lectin are the same in all the subunits (Table 1) . Jacalin -carbohydrate interactions also appear to involve a strong electrostatic component. The surface of the combining site contains a positive patch formed by Gly121N, Tyr122N and Trp123N. The GalNAc/Gal moiety has a positive patch on the B face and a negative patch on the opposite face. The aromatic ring containing p electrons of Tyr78 stacks on the B face, as in other Gal/GalNAc specific lectins, while the positive patch on the combining site interacts with the negative patch on the opposite face.
The major difference between the Me-a-Gal complex analysed earlier and the present non-methylated T-antigen complex is in the orientation of the aromatic ring of Tyr122. The torsion angle
) for this residue in the T-antigen complex varies between 2 24 and 2 388 while it is in the 10-308 range in the Me-a-Gal complex. Consequently the groove formed by the side-chains of Tyr78 and Tyr122 opens up in the latter (Figure 3) . The methyl group in the Me-a-Gal complex nestles among the side-chains of the aromatic residues Phe47, Tyr78, Tyr122, Trp123.
Anomer stabilisation at the primary site using O-H· · ·p interactions
The present structure provides a unique case where an O -H· · ·p hydrogen bond is used for anomer stabilisation. In two subunits (designated as A and D), O1 of GalNAc is wholly axial. In the remaining two subunits (B and C), O1 occupies the axial and equatorial positions with occupancies of 0.55 and 0.45, respectively. In all the four subunits the axial O1 has a water bridge with Tyr78 The distances are averaged over the subunits.
OH or Tyr122 OH. In subunits B and C, the one at the equatorial position is hydrogen bonded ( 
Interactions involving the Gal residue
In none of the subunits does the Gal residue directly interact with the combining site. The only interaction present in all subunits is the bridges Gal O6 forms to Val79 O and Asp125 OD1 through a water molecule. This water molecule, present in the Me-a-Gal complex also, is believed to be important for correctly positioning the side-chain of Asp125 as well. 13 A water bridge of O6 with Val79N exists in three subunits. One involving O4 and Gly1N is present in two. A few more water bridges are present, but none of them occur in more than one subunit. The only b chain residue involved in sugar binding is Ala17. In total 13 -16% of the non-polar surface area buried on complexation belongs to this residue and the burial is entirely caused by Gal.
Interactions involving Gal and crystal packing
The Gal residue of T-antigen is involved in extensive intermolecular contacts. This is rather unusual in protein complexes involving monovalent ligands. The most extensive contacts are between tetramers related by the 2 1 screw axis. In fact Gal O2 -4 of T-antigen associated with subunit B have five direct interactions with Asn74 and Ser76 of subunit D of the adjacent tetramer related by the 2 1 screw, resulting in a chain of linked tetrameric molecules along b (Figure 4 ). This arrangement is further stabilised by a couple of water bridges between the T-antigen molecule belonging to subunit D of one tetramer and the side-chains of Asp5 and Lys117 of the adjacent one. The chains along c are crosslinked by Gal O6 belonging to subunit A and Tyr71 OH of a molecule related by a translation. This connectivity between adjacent chains is strengthened by water bridges between the tetramers involving GalNAc O1 and Gal O2 belonging to subunit A of one molecule and Thr102N, O and OG of subunit C of the molecule related by a translation.
Structural rationale for carbohydrate specificity
The present structure, along with that of the Mea-Gal complex provides a reasonable qualitative explanation of the known affinities of jacalin to different carbohydrate ligands. 15, 16 At the monosaccharide level, Me-a-Gal and GalNAc binds with higher affinity to jacalin than Gal does. All of them appear to bind at the primary site. The structure of the Me-a-Gal complex clearly brings out the favourable steric interactions of the methyl group in the ligand with aromatic residues Phe47, Tyr78, Tyr122 and Trp123, thus explaining the higher affinity achieved by a-methyl substitution. The T-antigen complex shows that GalNAc at the primary site has an additional hydrogen bond through the oxygen atom in the acetamido group to the terminal amino group of the a-chain, in addition to those involving the Gal moiety. Thus the binding affinity of GalNAc to jacalin is higher than that of Gal. Understandably, the affinity of Me-a-GalNAc is higher than the individual affinities of Me-a-Gal and GalNAc. Simple modelling shows that methyl substitution at the b anomeric site would lead to severe steric clashes with Tyr122, leading to the lower affinity of the Me-b-Gal than Gal. At the disaccharide level, lactose (Galb1-4Glc), N-acetyllactosamine (Galb1-4GlcNAc) and Galb1-3GlcNAc are very poor ligands of jacalin. These disaccharides cannot bind to jacalin as T-antigen does, with the second residue at the primary binding site as this site is designed for galactose and not for glucose/ mannose. Attempts to dock them with the first residue at the primary site led to unacceptable steric clashes. Understandably, Galb1-3GalNAc-a-Me (a-methylated T-antigen) has higher affinity for jacalin than T-antigen has, on account of the favourable steric interactions of the methyl group with the four aromatic residues, referred to earlier. Again, for reasons mentioned in relation to Me-bGal, Galb1 -3GalNAc-b-Me has much lower affinity for the lectin than T-antigen.
In a diagnostic context, jacalin would interact with T-antigen O-linked to a seryl or a threonyl residue. In order to explore the feasibility of such interactions with the GalNAc residue at the primary site, modelling studies were carried out with the a-anomer of bound T-antigen O-linked to N-acetyl-N-methylamides of serine and threonine. The aromatic ring of Tyr122 was oriented as in the Me-a-Gal complex, as the position of the methyl group corresponds to that of C b in an O-linked amino acid residue. In both the cases, the protein and the sugar atoms (as in subunit C which is not involved in intermolecular interactions) were held constant while f, c and x 1 of the O-linked amino acid residues were varied and minimised using INSIGHT II as described in Materials and Methods. The minimisation led to models with acceptable torsion angles (f ¼ 2 1458, c ¼ 1448 and x 1 ¼ 2 818 in the seryl derivative and f ¼ 2 1808, c ¼ 1088 and x 1 ¼ 2 918 in the threonyl derivative) and good additional interactions with the protein. A C b -H· · ·p interaction involving the aromatic side-chain of Tyr122 exists in both the cases. Also observed are interactions of the main chain oxygen and nitrogen atoms in the seryl and threonyl derivatives with Tyr78 OH and Tyr122 OH. These interactions are presumably responsible for the higher affinity of Ser -T-antigen to the lectin compared to that of T-antigen itself. 16 
Comparison with MPA -T-antigen interactions
MPA is structurally very close to jacalin; so are MPA -T-antigen interactions to jacalin -T-antigen interactions. 11 However, the two sets of interactions exhibit some interesting differences. Only the a-anomer of O1 has been located in the MPA complex while both anomers exist in two subunits in jacalin. In jacalin, in all subunits, one water molecule connects Gal O6 to Val79 O and Asp125 OD1. The first of these bridges exists in the MPA complex also. However, the interaction with Asp125 is more tenuous with one more water molecule (altogether two water molecules) between Gal O6 and Asp125 OD1. Furthermore, unlike in the case of the jacalin complex, the b chain is not involved in interactions with Gal in the MPA complex. The weakening of the water bridge is presumably caused by a small outward movement of the sugar molecule in MPA in relation to its position in jacalin ( Figure 5) . This movement appears to follow that of the aromatic ring of Tyr78, which stacks against the GalNAc ring. In MPA, Tyr78 hydroxyls of two symmetryrelated molecules are involved in a hydrogen bond. Furthermore, the phenolic ring also stacks against a Gal ring belonging to a neighbouring molecule. These intermolecular interactions apparently lead to the movement of the side-chain aromatic ring.
As in the case of jacalin, the crystal packing of MPA also involves protein -carbohydrate interactions. The interactions are, however, less numerous in MPA. Inter-molecular proteincarbohydrate interactions lead to a chain of linked tetramers in MPA also. However, adjacent tetramers are related by a translation in MPA whereas they are related by a 2 1 screw in jacalin. 
Comparison of lectin -T-antigen complexes
With the present structure, the crystal structures of the T-antigen complexes of five lectins, namely, PNA, LT, MPA, amaranthin and jacalin, are now available. These lectins, between them, represent four different structural families of lectins, three of plant origin and one of bacterial origin. Their combining sites are substantially different. However, in terms of their binding to T-antigen, they can be broadly classified into two categories. The Gal residue occupies the primary binding site in PNA and LT while the GalNAc residue occupies the site in the remaining three. This appears to be related to their ability to bind sialylated sugars (masked sugars). In sialylated sugars, N-acetyl neuraminic acid is linked to Gal of T-antigen through a a(2 -3) linkage (NeuNAca2 -3 Galb1 -3GalNAc). Gal bound at the primary site in PNA and LT complexes cannot accommodate N-acetyl neuraminic acid without disrupting its interactions with the lectin. On the contrary, Gal is almost fully exposed to solvent in jacalin and MPA and at least O3 of Gal is exposed to solvent in amaranthin. The ability to discriminate between a and b substituents at the GalNAc end also depends on whether the residue is at the primary site. In jacalin, MPA and amaranthin, where the residue is at the primary site, steric factors favour a substitution. The residue is almost entirely exposed to solvent and there is no a, b discrimination in PNA and LT.
In all the complexes except that of amaranthin, most of the lectin -sugar interactions take place at the primary site. The number of such direct hydrogen bonds at the primary site varies between two and nine. In amaranthin the number of hydrogen bonds at the primary site is the lowest at two. There are, in addition, water bridges in PNA, LT and amaranthin. Stacking interactions involving the sugar ring at the primary site are also observed in all except the amaranthin complex. In PNA, the second sugar (GalNAc) has only just one direct hydrogen bond with the protein. However, there are bridges involving two water molecules between the acetamido group and the protein. This is the only additional interaction present in the PNA -T-antigen complex when compared to the PNA -lactose complex, and is believed to be responsible for the 20-fold increased affinity of T-antigen for PNA compared to the affinity of lactose. 6, 7 Indeed the PNA -T-antigen complex provides a telling illustration of how carbohydrate specificity can be generated by water bridges. In the LT-T-antigen complex, the second sugar residue does not interact at all with the protein molecule to which the first residue is bound.
Among the three lectins to which T-antigen binds with GalNAc at the primary site, direct protein-Gal interactions exist only in amaranthin. Only water-bridges connect the Gal residue to the protein in jacalin and MPA. The residue is, however, involved in intermolecular interactions, the biological implications of which are not yet clear.
Conformation of T-antigen
The glycosidic torsion angles f and c of the T-antigenic disaccharide (Galb1-3GalNAc) bound to the lectins are listed in Table 2 . The values of f vary between 24 and 578 and c between 2 9 and 2 418. Molecular mechanics and dynamics studies, supported by NMR investigations of free T-antigen, indicated a global valley of minimum energy around a f value of 408 and the c values in the range of 2 60 to 608. 31 These values are compatible with those found in the crystal structures of lectin -T-antigen complexes. The latter, however, access a narrower range of c values. A recently reported NMR spectroscopic study on the MPA -T-antigen complex suggests two different conformations with f/c combinations of 45/ 2 658 and 2 60/ 2 188 for the bound sugar in solution. 32 Neither of the conformations is favoured in free state or observed in crystal structures. Simple modelling shows that in the jacalin -T-antigen complex f/c values 45/ 2 658 lead to a severe steric clash of Gal with the side-chain of the binding site residue Asp125 and a conserved water (W289), which is of crucial importance for sugar binding to the lectin. T-antigen with f/c values 2 60/ 2 188 has no steric clash with any of the binding site residues; also Gal can make two direct interactions with the lectin. The difference in glycosidic torsion angles observed in solution and in the crystals has been attributed to crystal packing in MPA. 32 However, the fact that nearly the same conformation is observed in all the lectin complexes, in spite of widely different environments, appears to suggest that it corresponds to the intrinsic conformational propensity of T-antigen.
Materials and Methods

Crystallisation
Crystals of jacalin purified as described earlier 33 complexed with T-antigen were grown using the vapour diffusion technique by equilibrating a 10 ml drop of 10 mg ml 21 protein in the presence of 30 times molar excess of T-antigen in 0.02 M phosphate buffer (pH 7.3), containing 0.1 M NaCl, 0.025% (w/v) sodium azide and 8 -10% (w/v) PEG4000 against a reservoir solution of 40% PEG4000 in the same buffer. Crystals of size 0.6 mm £ 0.6 mm £ 0.4 mm grew in two weeks.
Data collection and processing
The data were collected on the EMBL beam line X31 at a wavelength 1.1 Å at DESY, Germany, using a Mar research MAR345 imaging plate. The collected data were processed using programs DENZO and SCALE-PACK of the HKL suite of programs. 34 The processed data were converted to structure factors using the program TRUNCATE of CCP4. 35 Data collection statistics along with the cell parameters are given in the Table 3 . Matthews coefficient 36 indicated the presence of one tetramer in the asymmetric unit.
Structure solution and refinement
The structure of jacalin complexed with T-antigen was solved using the molecular replacement program AmoRe, 37 with the jacalin-Me-a-Gal complex (PDB code 1JAC) as the starting model. The correct solution had a correlation coefficient (CC) of 0.68 and R-factor of 0.32. A total of 40 cycles of rigid body refinement followed by 100 cycles of positional refinement using CNS 38 with "mlf" target brought down the R and R free to 0.269 and 0.285, respectively. Clear unambiguous density for the T-antigenic disaccharide appeared in the F o 2 F c and 2F o 2 F c maps computed at this stage. The coordinates of the saccharide in the PNA -T-antigen complex (PDB code 1PEL) were used to fit the model in the electron density. Water oxygen atoms were added successively to the model, using peaks with heights greater than 2.5 sigma in F o 2 F c maps and 0.8 sigma in 2F o 2 F c maps. Omit maps were used in the course of refinement to remove model bias. Bulk solvent corrections were used throughout the refinement. Refinement converged at R and R free of 0.189 and 0.205, respectively. The model was checked using PROCHECK. 39 The refinement statistics are given in Table 4 . Analysis of the structure and modelling
Possible hydrogen bonds were identified using the program HBPLUS. Contacts involving oxygen and nitrogen atoms with distances less than 3.6 Å and with donar-hydrogen-aceptor angle greater than 908 were treated as hydrogen bonds. Molecular superpositions were performed using the program ALIGN. 40 The program NACCESS 41 was employed for calculating accessible surface areas. Electrostatic potentials were calculated using DELPHI-INSIGHT II (Biosym Technologies, 1992). T-antigen O-linked to the N-acetyl-Nmethylamides of serine and threonine were modelled and optimised using the BIOPOLYMER module of INSIGHT II. The whole conformation space was searched in combination with conjugate gradient minimisation and torsion force constraint using DISCOVER. Figures 1, 2 and 4 were prepared using BOBSCRIPT 42 and Figures 3 and 5 were generated using INSIGHT II and FRODO, 43 respectively.
Atomic coordinates
The atomic coordinates and the structure factors were deposited in the Protein Data Bank (PDB code 1M26).
